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EP 0 781 865 B1 

Des ription 

BACKGROUND OF THE INVENTION 
5 1 . Field of the Invention 

[0001] The present invention relates to a process for producing polycrystalline semiconductors. More particularly, it 
is concerned with a process for producing polycrystalline silicon semiconductors with minimized stress distortion. 

10 2. Description of the Related Art 

[0002] Silicon is an excellent raw material for production of industrial products, and is used, for example, as a sem- 
iconductor material for preparation of ICs (integrated circuits), etc., and as a material for preparation of solar cells; it 
is a really excellent material from the standpoint of resource that finds many applications in the afore- indicated areas. 
15 More specifically, silicon has been used for manufacturing almost all the solar cells now in practical use. The currently 
dominating solar cells for power supply are based on single-crystal silicon, and thus further development of solar cells 
made of high-quality polycrystalline silicon is expected for cost reduction. 

[0003] However, since the conversion efficiency of currently available polycrystalline silicon is lower than that of 
single-crystal silicon, the first consideration is the development of polycrystalline silicon of sufficiently high quality for 

20 the manufacture of solar cells. 

[0004] According to the conventional process for producing polycrystalline silicon semiconductors, solid silicon in a 
silica crucible is melted in a heating furnace, and is then cast into a graphite crucible. Another recently known method 
is melting in a vacuum or in an inert gas to prevent mixing of oxygen or nitrogen gas, etc. into the silicon to thereby 
improve the quality and prevent dusting. 

25 [0005] Additional known processes include the semi-continuous casting furnace process of Wacker-Chemftronie 
GmbH in Germany, wherein silicon is melted in a vacuum or in an inert gas in a silicon crucible, and is then poured 
into a mold made of graphite or the like by inclining the crucible (Japanese Examined Patent Application Publication 
SHO 57-21515); the HEM (Heat Exchange Method) of Crystal Systems, Inc. in the U. S., wherein silicon is melted in 
a vacuum in a silica crucible, and is then solidified directly therein (Japanese Examined Patent Application Publication 

30 SHO 58-54115); an improvement of the Wacker" process, wherein a water-cooled steel plate is used as the silicon 
melting crucible (Japanese Unexamined Patent Application Disclosure SHO 62-26071 0); etc. 
[0006] According to any of the processes for producing silicon, the amount of heat liberated during the step of so- 
lidifying the silicon semiconductor is controlled to be constant. As a result, the EPD (Etch Pit Density), a measure of 
the quality of the resulting crystal is usually up to 1 0 5 /cm 2 which is significantly higher than < 1 0 2 /cm 2 of single crystals. 

35 [0007] Some attempts have been made according to the prior art in order to increase the EPD by anneal processing. 
For example, Japanese Examined Patent Application Publication SHO 58-54115 discloses the control of the crucible 
temperature after solidification, to facilitate annealing (see lines 33-36 in the 2nd column). However, semiconductor 
ingots, being usually as large as 30-50 cm square, encounter difference in temperature between the center and the 
periphery during the process of annealing when annealed after having solidified, and thus the annealing step intended 

40 for the release of stress distortion tends to cause distortion instead; therefore, the annealing has little effect. As a result, 
a polycrystal with a high EPD tend to be produced. 

[0008] As mentioned above, since the annealing step according to the prior art is performed after the semiconductor 
has solidified, the annealing effect is not sufficient, and recently this poor appealing effect is becoming more serious 
due to the trend toward production of larger semiconductor ingots from an economical point of view. 

45 [0009] Prior art document GB-A-2 279 585 discloses an apparatus for producing polycrystalline semiconductors 
comprising a support table for supporting a vessel. The support table comprises a lower insulating plate separated 
from an upper insulating plate by an annular insulating spacer. The thermal pathway from the vessel to the heat sink 
passes through the interior of the annular insulating spacer. This space contains a heat shutter comprising a pair of 
insulating apertured baffle discs. The baffle discs are constructed from thermally insulating rigid graphite felt or carbon 

so bonded carbon fiber. Alternative embodiments may include reflective radiation shields such as polished metal shutters, 
or other heat screens. In this apparatus, the thermal conductivity of the cooling pathway can be modulated. Further, 
the rate of loss of heat of the melt is regulated by varying the insulation of the thermal pathway between the vessel 
and the heat sink, by using motor to move the baffle disc in either direction, according to the need to open or close the 
shutter to any desired extent. 

55 

SUMMARY OF THE INVENTION 

[0010] It is an object of the present invention to provide a process for producing a polycrystalline semiconductor 
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which excellent crystallographic properties and minimized stress distortion by alternately subjecting a semiconductor 
crystal to growth and annealing in the solidification step while periodically varying the amount of heat liberated from 
the semiconductor material. 

[0011] To solve this object, the present invention provides a process for producing polycrystalline semiconductors 
5 as specified in claim 1 . Preferred embodiments of the invention ar described in th subclaims. 

[0012] Throughout the specification and the claims, "under an inert atmosphere" means "in a vacuum or under an 
atmosphere of an inert gas which prevents oxidation of the heated raw semiconductor material present" which is re- 
alized in an airtight vessel. Also, throughout the specification and the claims, "the underside temperature of the bottom 
of the crucible" and "a second temperature detected by second-temperature detecting means" refer to the same tem- 
io perature indicated by T2, and these expressions are used interchangeably for convenience. 

[0013] The present invention provides a process for producing a polycrystalline semiconductor comprising charging 
a raw semiconductor material Into a crucible, heating to melt the raw semiconductor material in the crucible by heating 
means, solidifying the melted material while depriving the bottom of the crucible of heat, and then cooling the crucible 
to cool the solidified semiconductor, in an atmosphere inert to the semiconductor throughout, characterized by after- 
15 nately subjecting the semiconductor crystal to growth and annealing in the solidification step while periodically varying 
the amount of heat liberated from the raw semiconductor material 

[0014] According to a characteristic aspect of the present invention, the amount of heat liberated is preferably varied 
in the solidification step by periodically increasing and decreasing the temperature of the vicinity of the solid/liquid 
boundary of the melted raw material (hereunder referred to as solid/liquid temperature) within a predetermined range 
20 with its center at the melting point of the raw semiconductor material. 

[0015] More preferably, the total time of the periods of larger amount of heat liberated is set to ten times or less the 
total time of the periods of smaller amount of heat liberated according to another characteristic aspect of the present 
invention. 

[0016] According to yet another characteristic aspect of the invention, in order to periodically vary the amount of heat 
25 liberated, it is preferred that coolant is used to deprive the bottom of the crucible of heat, and the coolant is periodically 
switched to another coolant. 

[0017] According to yet another characteristic aspect of the invention, in order to periodically vary the amount of heat 
liberated, it is also preferred that a coolant is used to deprive the bottom of the crucible of heat, and the flow of the 
coolant is adjusted. 

30 [0018] In addition, in order to periodically vary the amount of heat liberated, it is also preferred that a crucible-sup- 
porting bed with a hollow structure being in contact with the bottom of the crucible is provided to deprive the bottom of 
" the crucible of heat, and an adiabatic piece is loaded in and unloaded from the hollow structure, according to yet another 
characteristic aspect of the present invention. 

[0019] An apparatus for producing polycrystalline semiconductors comprises: 

35 

an airtight vessel; 

a crucible placed in the airtight vessel for receiving a raw semiconductor material; 
heating means for heating the crucible at a level above its bottom to melt the raw semiconductor material; 
a supporting bed which supports the underside of the bottom of the crucible to mount the crucible, and has a hollow 
40 structure which allows an adiabatic piece to be loaded in and unloaded from the hollow structure; 

cooling means for cooling the supporting bed; and 

driving means for driving rotation of the supporting bed about the vertical axis as well as for driving upward and 
downward movement of the supporting bed. 

45 [0020] The production apparatus is preferably characterized by further comprising: 

a first-temperature detecting means for detecting a first temperature T1 at which the crucible is heated by the 
heating means; 

a second-temperature detecting means for detecting a second temperature T2 of the bottom underside of the 
so crucible; and 

control means for controlling the heating means so that the first temperature T1 increases over the melting tem- 
perature of the raw semiconductor material in response to respective outputs of the first-temperature detecting 
means and the second-temperature detecting means, and so that the first temperature T1 falls at the instant the 
rate AT of time-dependent change of the second temperature T2 detected by the second-temperature detecting 
55 means increases over a predetermined value. 

[0021] The raw semiconductor material used in the process and the apparatus for producing polycrystalline semi- 
conductors is preferred to be polysilicon, in which case polycrystalline silicon is produced as the polycrystalline sem- 
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iconductor. 

[0022] In a process for producing a polycrystalline semiconductor which comprises charging a raw semiconductor 
material into a crucible, heating to melt the raw semiconductor material in the crucible by heating means, solidifying 
the melted material while depriving the bottom of the crucible of heat, and cooling the crucible to cool the solidified 
5 semiconductor, in an atmosphere inert to the semiconductor throughout, a polycrystalline semiconductor with xcellent 
crystallographic properties and minimized stress distortion is obtained by alternately subjecting a semiconductor crystal 
to growth and annealing in the solidification step while periodically varying the amount of heat liberated from the sem- 
iconductor material. 

[0023] The crucible is heated by heating means provided at a distance from the crucible in a conventional manner, 
10 and radiant heat is applied from the top of the crucible to the raw semiconductor material in the crucible to melt the 
material. The sidewall of the crucible is also heated by the heating means to higher temperatures to facilitate melting 
of the raw semiconductor material. Here, the melting of the raw semiconductor material is performed in an atmosphere 
inert to the semiconductor. 

[0024] Since the raw semiconductor material absorbs heat when it melts, control of the electric power supplied to 
15 the heating means by the control means to maintain the temperature of the crucible at a constant value results in a 
lower amount of heat required to melt the material remaining in the crucible, and this causes increase in the temperature 
of the crucible, particularly the temperature of the bottom underside of the crucible. Accordingly, the change of the 
underside temperature T2 of the bottom of the crucible reflects the progress of melting of the raw semiconductor 
material in the crucible, and therefore the heating of the crucible by the heating means is immediately suspended when 
20 the measured rate ATa of time-dependent change of the temperature increases over a predetermined value. 

[0025] When seed crystals are used to grow the semiconductor polycrystal, the immediate suspension of the heating 
prevents melting of the seed crystals on the bottom of the crucible, and thus the control of the heating temperature is 
particularly preferred. 

[0026] Slow cooling of the crucible is then initiated to solidify the melted raw semiconductor material. According to 
25 the production process of the invention, since the solidification is achieved while depriving the bottom of the crucible 
of heat, a crystal of a polycrystalline semiconductor grows with orientation from the bottom to the top of the crucible. 
[0027] The production process of the present invention is characterized in that the solidification (that is, crystal growth) 
and annealing of the raw semiconductor material are concurrently performed by cooling in the solidification step. This 
may be achieved by periodically varying the amount of heat which is liberated from the raw semiconductor material. 
30 That is, the crystal grows during periods of larger amount of heat liberated, and is annealed during periods of smaller 
amount of heat liberated. The two processes are repeated overtime in the solidification step to periodically vary the 
amount of heat liberated. For carrying out the production process according to the invention, assuming that the solid/ 
liquid temperature is equal to the underside temperature T2 of the bottom of the crucible, the state of larger amount 
of heat liberated and the state of smaller amount of heat liberated are produced by adjusting T2 so that the solid/liquid 
35 temperature varies only within a predetermined range with its center atthe melting point of the semiconductor (for 
example, approximately 1 ,420°C for polysilicon). In this way, the invention allows the crystals to be released from 
distortion stress during solidification, and may provide distortion-stress-minimized, high-quality, crystallographically 
excellent semiconductor polycrystals with excellent reproducibility. 

[0028] The quality of the resulting polycrystalline semiconductor is further improved by setting the total time of the 
40 periods of larger amount of heat liberated to ten times or less the total time of the periods of smaller amount of heat 
liberated. 

[0029] When seed crystals are used to facilitate the growth of the crystal in the process for producing a polycrystalline 
semiconductor, setting the rate ATa of time-dependent change of the underside temperature T2 of the bottom of the 
crucible to a value within the range of approximately 0.2°C/min. to 0.5°C/min. prevents melting of the seed crystals to 
45 improve the quality of the resulting polycrystalline semiconductor. In cases where ATa is less than 0.2°C/min., not only 
the seed crystals but also the raw semiconductor material remain unmelted, and thus no homogeneous semiconductor 
polycrystal is produced. On the other hand, the seed crystals may be melted as well when ATa is over 0.5°C/min., and 
this may prevent growth of a satisfactory polycrystal. 

[0030] As described above, in the process for producing a polycrystalline semiconductor according to the invention, 
so since a raw semiconductor material charged into the crucible is melted, and the raw semiconductor material is solidified 
to a crystal by cooling from the bottom of the crucible, the crystal grows in one direction from the bottom to the top of 
the crucible to provide a polycrystalline semiconductor with excellent crystallographic properties. 
[0031] In addition a thermocouple is provided at the bottom underside of the crucible to detect the rate ATa of time- 
dependent change of the underside temperature T2 of the bottom of the crucible while the raw semiconductor material 
55 is heated to a melt, to thereby control the heating, solidifying and cooling steps. As a result, the process for producing 
a polycrystal according to the invention is very repeatable, and the temperature control is ensured by simply burying 
a single thermocouple in the top of the supporting bed which is in contact with the bottom underside of the crucible; 
therefore the production process of the invention may be carried out at a lower cost. In addition, since the temperature 
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control, the cooling, heating and solidification, and the location of the crucible as described above may be accomplished 
with single control means, it is possible to automate all the steps of the crystal growth process. 
[0032] In addition, when a polycrystalline semiconductor is grown using seed crystals, since the melting of the seed 
crystals may be prevented with a high lev I of reliability, a high-quality polycrystalline semiconductor is obtained. 
s [0033] Sine the crystal is alt mately subjected to growth and annealing, an improved polycrystalline semiconductor 
is provided which has a low EPD and minimized stress distortion, and thus resists cracking. 
[0034] In addition, the EPD of the resulting polycrystalline semiconductor is further lowered by setting the total time 
of the periods of larger amount of heat liberated to ten times or less the total time of the periods of smaller amount of 
heat liberated. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0035] Other and further objects, features, and advantages of the invention will be more explicit from the following 
detailed description taken with reference to the drawings wherein: 

15 

Fig. 1 is a schematic longitudinal section illustrative of the configuration of an apparatus for producing polycrys- 
talline semiconductors; 

Fig. 2 is an enlarged longitudinal section of the main portion of the apparatus for producing polycrystalline semi- 
conductors; 

20 Fig. 3 is a temperature control profile illustrative of the time-dependent changes of temperatures T1 andT2 detected 

by a first thermocouple 6 and a second thermocouple 13; 
Fig. 4 is a flow chart illustrative of the operation of the controller 7 shown in Fig. 1 ; 

Fig. 5 is an illustration of the relationship between the amount of heat liberated and the time in the solidification 
and annealing steps according to the invention; 
25 Fig. 6 is an illustration of the relationship between the solid/liquid temperature and the time in the solidification and 

annealing steps according to the invention; 

Fig. 7 is a longitudinal section illustrative of an example of the crucible-supporting bed 10 with a hollow structure; 
and 

Fig. 8 is a longitudinal section illustrative of an extended state of an adiabatic piece placed in the hollow portion 
30 of the supporting bed shown in Fig. 7. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0036] Now referring to the drawings, preferred embodiments of the invention are described below. 

35 [0037] The process for producing polycrystalline semiconductors according to the present therein will now be ex- 
plained in detail with reference to Fig. 1 through Fig. 8. Although the raw semiconductor material available for use 
according to the invention is exemplified by only silicon, other materials such as germanium (Ge) may be used as well. 
[0038] Fig. 1 is a schematic longitudinal section illustrative of the configuration of an apparatus for producing poly- 
crystalline semiconductors according to a first embodiment of the invention. This apparatus contains an airtight vessel 

40 1 which prevents passage of air. The airtight vessel 1 may be configured to be connected to an exterior vacuum pump 
via a vacuum-tight door (not shown) to produce a vacuum inside the vessel. Alternatively, the vessel may be designed 
so as to internally circulate an inert gas (e. g., argon) at normal pressure (slightly positive), in which case the semicon- 
ductor heated to a melt in the vessel is not adversely affected by oxidation, since the atmosphere inside the vessel is 
non-oxidative. 

45 [0039] As shown in the drawing, in the airtight vessel 1 there is provided a cylindrical heating furnace 4 comprising 
a heat insulator 2 and a heating member 3, located at a distance from the sidewall of the vessel. Both the heat insulator 
2 and the heating member 3 are made of carbon fibers or graphite, for example. The heating member 3 may be 
constructed of an electric conductor such as metal. An induction heating coil 5 (at a frequency of 10 KHz) is wound 
around the heating furnace 4, particularly along the portion of its outer surface facing the heating member 3. The 

50 induction heating coil 5 heats the heating member 3 when energized. A first thermocouple 6 for measuring the tem- 
perature T1 (a first temperature) of the heating member 3 is buried in the sidewall of the heating member 3, sheathed 
in an installation tube. 

[0040] The first thermocouple 6 and the induction heating coil 5 are connected to a controller 7 provided outside the 
airtight vessel 1 via respective leads 8. The controller 7 is designed to control power supply to the conduction heating 
55 coil 5 in response to output from the first thermocouple 6, to thereby increase or decrease the temperature of the 
heating furnace 4 as desired. 

[0041] A crucible 9 into which a raw semiconductor material and further seed crystals, if necessary, are charged, is 
placed inside the airtight vessel 1 . As shown in Fig. 1 , the crucible 9 is placed in the inner space confined by the heating 
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furnace 4 at proper distances from the sidewall and the top of the heating furnace 4. The crucible 9 may be made of 
a silica material or a graphite material, for example; it may also be made of another material such as tantalum, molyb- 
denum, tungsten, silicon nitride or boron nitride. The crucible 9 may be shaped as desired as long as its geometry 
matches the inner configuration of the heating furnace 4, and may be either cylindrical or shaped as a square pole. 

5 [0042] The crucible 9 is placed in the airtight vessel 1 , with the bottom supported on the supporting bed 10. The 
supporting bed 1 0 is preferred to have a laminated structure constructed of a surface layer 1 0a and a bottom layer 1 0c 
made of graphite, and an intermediate layer 1 0b made of carbon fibers. The supporting bed 1 0 is mounted on a pedestal 
11 , and a cylindrical member 12 extending downward from the pedestal 11 allows the pedestal 11 to rotate about the 
central longitudinal axis. The rotation of the cylindrical member 12 is propagated to the crucible 9 via the pedestal 11 

10 and the supporting bed 10, and therefore the crucible 9 also rotates as the cylindrical member 12 rotates. When a raw 
semiconductor material is charged into the crucible 9, and the crucible 9 is heated in the heating furnace 4, the rotation 
. serves to provide the raw semiconductor material in the crucible 9 with an even distribution of temperature. 
. [0043] In addition, the pedestal 1 1 with a hollow double structure is equipped with a cooling section 1 1 a (Fig. 2), and 
the cylindrical member 12 is also formed as a double pipe. A coolant (for example, cooling water) is forcedly circulated 

15 through the two to cool the supporting bed 1 0 supported on the pedestal 11 . The coolant is continuously supplied from 
a coolant tank 15 to the cylindrical member 12. As a result, this cooling mechanism allows the supporting bed 10 to 
exchange heat with the underside of the bottom of the crucible which is in contact therewith to cool the bottom. The 
pedestal 11 and the cylindrical member 12 are driven to move up or down by driving means 16 provided outside the 
airtight vessel 1, and the crucible 9 is lifted or lowered in tandem with their upward or downward movement. The 

20 distance between the heating furnace 4 and the crucible 9 may be made shorter or longer in this manner. In addition, 
as mentioned above, the driving means 1 6 drives the rotation of the cylindrical member 12 about the axis. 
[0044] A pyrometer 1 4 is attached to the head of the heating furnace 4, that is, the portion of the heating member 3 
located just above the crucible 9. This pyrometer 1 4 detects the radiant heat of the raw semiconductor material in the 
crucible 9 to measure the surface temperature of the material. Accordingly, the pyrometer 14 is useful to determine 

25 the progress of melting of the charged raw semiconductor material while it is heated to a melt, or the progress of 
solidification of the material while it is cooled to solidity. 

[0045] A characteristic aspect of the configuration of the producing apparatus resides in the provision of a second 
thermocouple 13 which is in contact with the underside of the bottom near the bottom center of the crucible 9, buried 
in the surface layer 10a of the supporting bed 10. Fig. 2 is an enlarged section of the main portion of the apparatus 

30 shown in Fig. 1 , illustrative of the bottom center of the crucible 9 and the vicinity thereof. This thermocouple 1 3 is used 
to measure the underside temperature T2 (a second temperature) of the bottom of the crucible, and is electrically 
connected to the controller 7 via a lead 8 in the same manner as the first thermocouple 6. Accordingly, the controller 
7 allows control of power supply to the induction heating coil 5 to increase or decrease the temperature of the heating 
furnace 4 in response to the temperature T2 output from the second thermocouple 13. 

35 [0046] Fig. 3 is a graph illustrative of the time-dependent change of the temperatures (output temperatures) T1 and 
T2 detected by the first thermocouple 6 and the second thermocouple 13. In the graph, L1 indicates the curve of T1 , 
and L2 indicates the curve of T2. Fig. 4 is a flow chart illustrative of the operation of the controller 7 shown in Fig. 1 . 
The controller 7 is used to perform the steps shown in Fig. 4 in response to output of the detected temperature T1 from 
the first thermocouple 6 and of the detected temperature T2 from the second thermocouple 1 3. According to the in- 

40 vention, it is also possible to track the change of T1 and T2 with time in Fig. 3, for example, instead of referring to a 
flow chart as shown in Fig. 4, to manually operate the controller 7 for the step of increasing or decreasing the temper- 
ature of the heating furnace 4 and the other steps of lifting or lowering the cylindrical member 12, for example. 
[0047] According to an embodiment of the invention, the flow of the coolant circulating through the pedestal 11 of 
the production apparatus is adjusted in order to periodically vary the amount of heat liberated. Here, the amount of 

45 heat liberated is represented by the following expression when the coolant is water. 

Amount of heat liberated (kW) = flow of the coolant (l/min) x AT/ 14.34 

so wherein AT is the difference in temperature between the inlet and outlet for the coolant. 

[0048] In order to periodically vary the amount of heat liberated as mentioned above, as illustrated in Fig. 5, a pre- 
determined cooling pattern is set for the step of solidifying the raw semiconductor material, and the flow of the coolant 
is controlled so that the amount of heat liberated is switched between a larger setting (Q1 ) and a smaller setting (Q2). 
In Fig. 5, ta1 , ta2 and so on indicate the time (period) during which the amount of heat liberated is Q1 , and tb1 , tb2 

55 and so on indicate the time (period) during which the amount of heat liberated is Q2; ta1 , ta2, etc. may be the same 
or different, and tb1 , tb2, etc. may be the same or different as well. Since the values of Q1 and Q2 may depend on the 
size of the crucible, the structure of the pedestal, etc., they must be determined per batch for the production of the 
semiconductor. 
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[0049] According to the invention, the most simplest method of periodically varying the amount of heat liberated is 
periodic (up and down) variations of the solid/liquid temperature of the melted raw semiconductor material within a 
predetermined range with its center at the melting point of the raw semiconductor material. It is difficult to actually 
measure the solid/liquid temperature of the melted material in the solidification step during the process of production 
5 of the semiconductor. Therefore, the semiconductor is heated to a melt in the crucible 9 under substantially the same 
conditions as those intended for the production of the semiconductor, and a thermocouple is inserted into the melted 
raw semiconductor material which has initiated solidification, to measure and record the temperature of the thermo- 
couple which has come into contact with the solid/liquid boundary as the "solid/liquid temperature". In addition, the 
temperature (T2) of the second thermocouple 13 is concurrently measured and recorded. The foregoing procedure is 
10 repeated a plurality of times to prepare a line for calibration of the solid/liquid temperature and the temperature T2 of 
the thermocouple 13. In this way, the solid/liquid temperature is approximated to the temperature of the second ther- 
mocouple 1 3 which may be read any time during the process of production of the semiconductor, that is, the underside 
temperature T2 of the bottom of the semiconductor. The invention allows the solid/liquid temperature of the semicon- 
ductor to be periodically increased and decreased in this way within a predetermined range with its center at the melting 
'5 point of the raw semiconductor material. When the semiconductor is polycrystalline silicon, the "predetermined range" 
preferably is 1 ,420°C, the melting point of silicon, ± 3°C. The "predetermined ranges" for the other semiconductors 
are allowable deviations from the melting points of the respective semiconductors, and may be easily determined by 
those skilled in the art on judging whether crystal defects occur when solidified. If the predetermined ranges are set 
too broad, the cooling progresses too fast and causes crystal defects. In the case of silicon, a particularly preferred 
20 range of variations is on the order of ± 2°C. 

[0050] Fig. 6 is an illustration of a mode of controlling the solid/liquid temperature of a polycrystalline silicon semi- 
conductor, for example. The underside temperature T2 of the bottom of the crucible is controlled so that the solid/liquid 
temperature is 1 ,418°C (1 ,420°C - 2°C), and the temperature is maintained for a while (time tal). T2 is then adjusted 
so that the solid/liquid temperature is 1 ,422°C (1 ,420°C + 2°C), and the temperature is maintained for a predetermined 
25 time (time tb1). The foregoing cycle is then repeated. The state in which the solid/liquid temperature is set to a tem- 
perature which is lower (-2°C) than the melting point of silicon matches the state of larger amount of heat liberated 
(Q1) described above, while the state in which the solid/liquid temperature is set to a temperature which is higher 
(+2°C) than the melting point of silicon matches the state of smaller amount of heat liberated (Q2). The mode may be 
otherwise set, with different degrees of upward and downward deviations from the melting point of silicon; the temper- 
so ature may be first set to a temperature which is lower (-2°C), and then to a temperature which is higher (1°C) than the 
melting point of silicon. 

[0051] The underside temperature T2 of the bottom of the crucibie, though being appropriately controlled by varying 
the flow of the coolant circulating the pedestal 1 1 , may also be controlled using an alternative to the coolant. To achieve 
this, for example, a cooling mechanism may be configured as a two (or more)-circuit system which allows switching 
35 between the cooling media in the circuits through the use of a solenoid valve. The coolant available for use in such a 
configuration includes appropriate combinations of water, helium gas, carbon dioxide gas, etc. which are alternately 
used to control the cooling effect. 

[0052] In any of the processes described above, the relationship between the total time of ta (that is, ta1 + ta2 + ...) 
and the total time of tb (tb1 + tb2 + ...) is particularly preferred to be such that the former is ten times or less the latter, 
40 according to the invention. The period ta is for the step of solidifying the semiconductor, while the period tb is for the 
step of annealing the semiconductor. 

[0053] The constituent members of the apparatus for producing polycrystalline semiconductors according to a second 
embodiment are substantially the same as those of the production apparatus according to the first embodiment except 
for the supporting bed 10. The production apparatus according to the second embodiment is different from the pro- 

45 duction apparatus according to the first embodiment in that the supporting bed 1 0 of the latter apparatus has a hollow 
structure into and from which an adiabatic piece may be loaded and unloaded. This structure is achieved by forming 
an upper layer 10a, a bottom layer 10c and a side wall section with graphite, leaving a hollow section 20. 
[0054] Although the cooling (solidification) progresses while depriving the bottom of the crucible 9 of heat according 
to the invention, when the supporting bed 10 has the hollow structure, that is, hollow section 20, heat transfers by 

so radiation in the hollow section 20. Therefore, when an adiabatic piece 21 is inserted into the hollow section 20 to prevent 
the heat from radiating, the cooling from the underside of the bottom of the crucible may be controlled. The adiabatic 
piece which may be used for this purpose is preferably formed of one or more materials selected from the group 
consisting of gold, platinum, silver, tungsten, carbon fiber and tantalum. However, any other material may be used as 
well provided that it is a high-melting-point material having a low emissivity. The adiabatic piece may be shaped simply 

55 as a plate, or as a freely slidable layered structure, as illustrated in Fig. 7 and Fig. 8. When the adiabatic piece 21 is 
inserted into the hollow section 20 and then extended, the adiabatic piece 21 blocks thermal radiation between the 
upper layer 10a and the bottom layer 10c of the supporting bed 10. The state of smaller amount of heat liberated is 
brought about in this way, whereas the state of larger amount of heat liberated is established by removing or folding 
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the adiabatic piece 21 (see Fig. 7). 

[0055] Each step of the process for producing a polycrystalline semiconductor according to the invention will now 
be xplained in detail. First, it is preferred to charge a raw semiconductor material, polysiiicon, into the crucible 9 
outside the airtight vessel 1 illustrated in Fig. 1 . 

5 [0056] The polysilicon-containing crucible 9 is plac d on the top surface of the supporting bed 1 0 mounted on the 
pedestal 1 1 , with the center of the crucible 9 being aligned with the centers of the pedestal 1 1 and the supporting bed 
10. The driving means 16 is used to lift the cylindrical member 12 and the pedestal 11 , and the crucible 9 is placed at 
a predetermined location inside the heating furnace 4. Prior to operation of the heating furnace 4, coolant is circulated 
through the pedestal 1 1 and the cylindrical member 1 2, and it is ascertained whether the bottom, particularly the bottom 

10 underside of the crucible 9 is cooled by the cooling mechanism. 

[0057] In addition, prior to heating of the heating furnace 4, the cylindrical member 1 2 is rotated about the vertical 
axis by the driving means 16 to ensure uniform heating of the polysiiicon in the crucible 9. A voltage is then applied 
across the induction heating coil 5 to heat the heating member 3 to thereby generate radiant heat which is used to 
heat the polysiiicon in the crucible 9. 

15 [0058] For the sake of clarity, the heating, the cooling and the solidifying steps which are included in the production 
process according to the invention will now be explained with reference to the flow chart of Fig. 4 and the temperature 
control profile of Fig. 3. Referring to Fig. 4, an AC with a frequency of approximately 7 kHz is applied across the induction 
heating coil 5 at step a1 to initiate its heating when its temperature is T3 (e.g., ambient temperature). The heating to 
increase the temperature is performed at a temperature gradient of approximately 400°C/hr. until the temperature T1 

20 detected by the first thermocouple 6 reaches a predetermined temperature T2, for example, approximately 1 ,540°C 
(until time t1 , typically about 4.5 hours after the heating is initiated). Step a1 is repeated so long as step a1 results in 
a "NO", whereas upon a "YES" result the process proceeds to step a2 where electric power is supplied to the induction 
heating coil 5 to maintain the temperature T1 detected by the first thermocouple 6 at a predetermined temperature T20 
under control by the controller 7. 

25 [0059] At step a2, the polysiiicon in the crucible 9 reaches its melting temperature (approximately 1 ,420°C), and the 
melting proceeds from the top to the bottom of the crucible. The progress of melting may be monitored by the pyrometer 
1 4. Since the coolant is circulated through the pedestal 1 1 as shown in Fig. 2, to cool the supporting bed 1 0 and further 
the bottom underside of the crucible, the lower portion, including the bottom, of the crucible 9 is kept at a lower tem- 
perature than the upper portion of the crucible. This is also apparent from the sharp leading edges of the gradients L1 

30 and L2 shown in Fig. 3. Since the temperature T1 detected by the thermocouple 6 is maintained at the constant value 
T20 as mentioned above, and the heating through the upper portion and the sidewall of the crucible is continuous, the 
temperature T2 detected by the second thermocouple 1 3 increases along with the temperature T1 detected by the first 
thermocouple 6, though more slowly. As shown in Fig. 3, the gradient of L2 becomes flat (at time t2 about 2.5 hours 
after t1) as the temperature appro aches the melting temperature of the silicon. As described above, since the polysiiicon 

35 absorbs heat to melt during the flat-gradient period, the temperature T2 detected by the second thermocouple 13 is 
prevented from increasing. Therefore, the rate ATa (°C/min.) of time-dependent change of the temperature T2 per a 
unit time AW detected by the second thermocouple 1 3 is monitored based on the output from the second thermocouple 
13, and when ATa reaches a predetermined value (e. g. t 0.2°C/min.) or more (at time t3 about 4 hours after t2), the 
process proceeds to the next step a3 to lower the temperature T1 detected by the first thermocouple 6 at a temperature 

40 gradient of 300°C/hr. by the controller 7. When decreasing temperature T1 reaches a value T21 , the pedestal 11 is 
lowered by the driving means 16 (at a lowering speed on the order of 7 mm/hr.). At the foregoing step a3, preferably 
the pedestal 11 is rotated at a speed of 1 rpm or less so that the temperature of the melting polysiiicon is properly 
controlled. The rotation of the crucible 9 is continued even at the later steps. Step a2 is repeated while maintaining the 
temperature T1 detected by the first thermocouple 6 at the original predetermined value T20 so long as determination 

45 at step a2 results in a "NO". 

[0060] In step a3, the temperature T1 detected by the first thermocouple 6 is further lowered until it reaches a pre- 
determined temperature T21 (e. g., approximately 1 ,440°C) (at time t4 about 0.3 hours after t3), at which time the 
process proceeds to step a4. 

[0061] The supply of electric power to the induction heating coil 5 is continued under control by the controller 7 at 
so step a4 to maintain the temperature T1 detected by the first thermocouple 6 at the predetermined temperature T21 . 
At step a4, the flow of the coolant circulating through the pedestal 1 1 is controlled to set the temperature T2 detected 
by the second thermocouple 13 to T31 so that the solid/liquid temperature read from the solid/liquid calibration line 
described above is 1 ,41 8°C, for example. The controlled flow of the coolant is maintained for time ta1 (for example, 2 
hours). The flow of the coolant is then decreased to set the temperature T2 detected by the second thermocouple 1 3 
55 to T30 so that the solid/liquid temperature is 1 ,422°C The decreased flow of the coolant is maintained for time tb1 (e. 
g„ 0.5 hours). The flow of the coolant is then increased in fine increments to adjust the flow so that the temperature 
T2 detected by the second thermocouple 1 3 returns to T31 . The increased flow is maintained for time ta2. The foregoing 
steps are repeated a required number of times. The completion of the solidification is indicated by a signal from the 
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pyrometer. The sum of the total of ta1 + ta2 + ... (total time ta) and the total of tb1 + tb2 + ... (total time tb) is typically 
on the order of 14-1 7 hours. 

[0062] Although the control of the temperature T2 detected by the second thermocouple 1 3 has been described with 
reference to only the method of controlling the flow of coolant, as is evident from the foregoing description, the tem- 
5 perature T2 may be effectively controlled by a vari ty of methods, including replacement of the coolant, or having the 
adiabatic piece 21 to be loaded in and unloaded from the hollow section 20 of the supporting bed 10. 
[0063] The process proceeds to step a5 when step a4 is finished (at t5), and the temperature T1 detected by the 
first thermocouple 6 is decreased from T21 to approximately ambient temperature at a temperature gradient of 1 00°C/ 
hr. 

w [0064] At step a5, after cooling of the silicon has been ascertained (about 1 5 hours later), the crucible 9 Is taken out 
of the airtight vessel 1 . The produced polysilicon ingot is then removed from the crucible 9 to provide polycrystalline 
silicon which has solidified in a single direction from the bottom to the top of the crucible. Typically, it takes approximately 
40 hours to finish steps a1 through a5. 

[0065] The invention may be very advantageously earned out by presetting the setting temperatures T20, T21 , T30 
15 and T31 , the rate ATa of time-dependent change of the temperature detected by the second thermocouple -1 3, which 
are referred to at steps a1 , a2, a3 and a4, to appropriate values which are inputted to a computer so as to allow 
subsequent judgment at each step based on whether found values have reached these preset values, and to control 
the controller 7 in order to carry out the step of controlling the temperature in the heating furnace 4 and the cooling 
and solidification steps. 

20 [0066] The invention will now be described in more detail with reference to the Examples. 
Examples 1a through 1c 

[0067] Silicon seeds ((CZ(1 00), 5 inches in diameter and 1 0 mm in thickness)) were placed on the bottom center of 
25 a crucible (a square pole 55 cm in width and 40 cm in height). Preferably silicon seeds pre-treated by chemical etching 
(30 u.) were used as the silicon seeds. The etching provided smoother crystal surfaces suitable for crystal growth. 
Approximately 1 40 kg of polysilicon to be melted was charged into the crucible. 

[0068] Steps a1 through a5 described above were carried out to produce polycrystalline silicon ingots. In the present 
examples, the solid/liquid temperature was periodically varied between 1 ,419°C and 1 ,421 °C (that is, ATb ± 1°C) at 
30 step a4. The time ratio ta/tb at solidification and annealing step a4 was approximately 5. The time required for the 
solidification step (step a4) was approximately 16-17 hours (16.5 hrs. In Example 1a; 17.2 hrs. in Example 1b; and 
17.5 hrs. in Example 1c). The EPDs of the polycrystalline silicon ingots obtained in the respective examples were 
measured for evaluation of the quality thereof. The EPDs were measured according to JIS H0609. The results of 
measurement of the EPDs and the main production and testing conditions are listed in Table 1 . 

35 

Examples 2a-2c 

[0069] Polycrystalline silicon ingots were produced likewise in Examples 1a-1c, except that the solid/liquid temper- 
ature was periodically varied between 1,418°C and 1,422°C (that is, ATb ± 2°C). The other production and testing 
40 conditions and the EPDs of the resulting polycrystalline silicon ingots are listed in Table 1 . 

Examples 3a-3c 

[0070] Polycrystalline silicon ingots were produced likewise in Examples 1 a-1c, except that the solid/liquid temper- 
as ature was periodically varied between 1,417°C and 1 ,423°C (that is, ATb ±3°C). The other production and testing 
conditions and the EPDs of the resulting polycrystalline silicon ingots are listed in Table 1 . 

Comparative Example 

so [0071] Polycrystalline silicon ingots were produced likewise in the examples, except that the solid/liquid temperature 
set to 1 ,41 8°C in step a4 was maintained, and the solidification step was carried out at the temperature. The EPDs of 
the resulting polycrystalline silicon ingots are listed in Table 1 . 



55 
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[Table 1] 





ATb 


ta/tb 


Solidification 
time (h) 


EPDfxIO^cm 2 ) 


Example 


1a 


± 1°C 


5 


16.5 


2 




1b 






17.2 


1 




1c 






17.5 


5 


Example 


2a 


±2°C 


10 


15.0 


2 




2b 






14.8 


1 




2c 






15.3 


6 


Example 


3a 


±3°C 


20 


14.5 


9 




3b 






14.4 


8 




3c 






14.7 


13 


Comparative Example 


-2°C 




14.0 


15 



20 

[0072] As is clear from the listed results of the Examples and the Comparative Example, the polycrystalline silicon 
ingots of the Examples are characterized by having lower EPDs than the EPD of the ingot of the Comparative Example; 
particularly, when the time ratio ta/tb in the solidification/annealing step is 10 or less, the EPDs are further lowered, 
and satisfactory polycrystalline ingots are obtained. 

25 

Claims 

1 . A process for producing a polycrystalline semiconductor comprising the steps of: 

30 

charging a raw semiconductor material into a crucible (9); 

heating to melt the raw semiconductor material in the crucible (9) by heating means; 
solidifying the melted material while depriving the bottom of the crucible (9) of heat; and 
cooling the crucible (9) to cool the solidified semiconductor, in an atmosphere inert to the semiconductor 
35 throughout, 

wherein the semiconductor crystal is alternately subjected to growth and annealing in the solidification step 
while periodically varying the amount of heat liberated from the raw semiconductor material, 
characterized in that 

40 in said heating step, said crucible (9) is lowered by lowering a pedestal (11) of said crucible (9), 

a crucible-supporting bed (10) with a hollow structure being in contact with the bottom of the crucible (9) is 
provided to deprive the bottom of the crucible (9) of heat, and 

an adiabatic piece (21) is loaded in and unloaded from the hollow structure (20) in order to periodically vary 
the amount of heat liberated. 

45 

2. The process according to claim 1 , wherein the total time of the periods of larger amount of heat liberated is set to 
five to ten times the total time of the periods of smaller amount of heat liberated. 

3. The process according to claim 1 , wherein the temperature of the vicinity of the solid/liquid boundary of the melted 
so raw material is periodically increased or decreased within a predetermined range with the center thereof at the 

melting point of the raw semiconductor material in order to periodically vary the amount of heat liberated. 

4. The process according to claim 1 , wherein a coolant is used to deprive the bottom of the crucible (9) of heat, and 
the coolant is periodically switched to another coolant in order to periodically vary the amount of heat liberated. 

55 

5. The process according to claim 1 , wherein a coolant is used to deprive the bottom of the crucible (9) of heat, and 
the flow of the coolant is adjusted in order to periodically vary the amount of heat liberated. 
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The process according to claim 1 , wherein seed crystals of the raw semiconductor material are arranged on the 
bottom surface of the crucible (9) prior to the step of charging the raw semiconductor material into the crucible (9), 
and the polycrystaliine semiconductor is allowed to grow from the seed crystals. 

The process according to anyone of claims 1 to 6, wherein the raw semiconductor material is polysilicon and the 
polycrystaliine semiconductor is polycrystaliine silicon. 

The process according to claim 3, wherein a calibration line of the solid/liquid temperature and the underside 
temperature of the bottom of the crucible (9) is created,m and the solid/liquid temperature is controlled on the basis 
of the calibration line and the underside temperature of the bottom of the crucible (9). 



Patentanspruche 

*5 1. Verfahren zum Herstellen eines poiykristallinen Halbleiters, mit den folgenden Schritten: 
Einfullen eines Halbleiter-Rohmaterials in einen Tiegel (9); 

Erwarmen zum Aufschmelzen des Halbleiter-Rohmaterials im Tiegel (9) durch eine Heizeinrichtung; 
Erstarrenlassen des geschmolzenen Materials, wahrend dem Boden des Tiegels (9) Warme entzogen wird; 
20 und 

Kuhlen des Tiegels (9) zum Abkuhlen des erstarrten Halbleiters in einer fur den gesamten Halbleiter inerten 
Atmosphare; 

wobei das Haibleitermaterial im Erstarrungsschritt abwechselnd einem Zuchtungs- und einem Temperungs- 
schritt unterzogen wird, wahrend die vom Halbleiter- Roh material f reigesetzte Warmemenge periodisch variiert 
25 wird; 

dadurch gekennzeichnet, dass 

der Tiegel (9) im Heizschritt dadurch abgesenkt wird, dass eineTragerplatte (1 1) fur den Trager (9) abgesenkt 
30 wird; 

ein Tiegel-Tragerbett (10) mit Hohlstruktur, das mit dem Boden des Tiegels (9) in Kontakt stent, verwendet 
wird, urn den Boden des Tiegels (9) Warme zu entziehen; und 

ein adiabatisches Teil (21 ) in die Hohlstruktur (20) gegeben und aus ihr entnommen wird, urn die freigesetzte 
Warmemenge periodisch zu variieren. 

35 

2. Verfahren nach Anspruch 1 , bei dem die Gesamtzeit der Perioden mit groBerer freigesetzter Warmemenge auf 
das Funfbis Zehnfache der Gesamtzeit der Perioden mit kleinerer freigesetzter Warmemenge eingestellt wird. 

3. Verfahren nach Anspruch 1, bei dem die Temperatur in der Nahe der Fest/Flussig-Grenze des geschmolzenen 
40 Rohmaterials periodisch innerhalb eines vorbestimmten Bereichs erhoht oder abgesenkt wird, dessen Zentrum 

beim Schmelzpunkt des Halbleiter-Rohmaterials liegt, urn die freigesetzte Warmemenge periodisch zu variieren. 

4. Verfahren nach Anspruch 1, bei dem ein Kuhlmittel dazu verwendet wird, dem Boden des Tiegels (9) Arme zu 
entziehen, wobei das Kuhlmittel periodisch auf ein anderes Kuhlmittel umgeschaltet wird, urn die freigesetzte 

^5 Warmemenge periodisch zu variieren. 

5. Verfahren nach Anspruch 1 , bei dem ein Kuhlmittel dazu verwendet wird, dem Boden des Tiegels (9) Warme zu 
entziehen, und der Fluss des Kuhlmittels eingestellt wird, urn die freigesetzte Warmemenge periodisch zu variieren. 

so 6. Verfahren nach Anspruch 1 , bei dem Keimkristalle des Halbleiter-Rohmaterials vor dem Schritt des Einfullens des 
Halbleiter-Rohmaterials in den Tiegel (9) auf der Bodenflache des Tiegels (9) angeordnet werden und der poly- 
kristalline Halbleiter ausgehend von den Keimkristallen wachsen kann. 

7. Verfahren nach einem der Anspruche 1 bis 6, bei dem das Halbleiter-Rohmaterial Polysilicium ist und der polykri- 
55 stalline Halbleiter polykristallines Silicium ist. 

8. Verfahren nach Anspruch 3, bei dem eine Kalibrieriinie fur die Fest/Flussig-Temperatur und di Unterseitentem- 
peratur des Bodens des Tiegels (9) erzeugt wird und die Fest/Flussig-Temperatur auf Grundlage der Kalibrieriinie 
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und der Unterseitentemperatur des Bodens des Tiegels (9) eingestellt wird. 



Rev ndi ati ns 

1 . Procede de production d'un semi-conducteur polycristallin comprenant les stapes consistant a : 

charger un materiau semi-conducteur brut dans un creuset (9) ; 

chauffer jusqu'k sa temperature de fusion le materiau semi-conducteur brut dans le creuset (9) par un moyen 
de chauffage ; 

solidifier le materiau fondu tout en otant la chaleur du fond du creuset (9) ; et 

refroidir le creuset (9) pour refroidir le semi-conducteur solidifie, dans une atmosphere inerte k I'integralite du 
semi-conducteur, 

dans lequel le cristal semi-conducteur est soumis alternativement k une croissance et k un recuit lors de 
P6tape de solidification tout en faisant varier periodiquement la quantite de chaleur liberee du materiau semi- 
conducteur brut, 

caracterise en ce que 

lors de ladite etape de chauffage, ledit creuset (9) est descendu en descendant un appui (11) dudit creuset (9), 
une plate-forme de support de creuset (1 0) dotee d'une structure creuse en contact avec le fond du creuset 

(9) est prevue pour oter la chaleur du fond du creuset (9), et 

une piece adiabatique (21) est chargee dans la structure creuse (20) et est dechargee de celle-ci pour faire 

varier periodiquement la quantite de chaleur liberee. 

2. Proc6d6 selon la revendication 1 , dans lequel la duree totale des periodes de quantite de chaleur libeYee superieure 
est parametree de facon k etre egale a cinq a dix fois la duree totale des periodes de quantite de chaleur liberee 
inferieure. 

3. Procede selon la revendication 1 , dans lequel la temperature du voisinagede la frontiere solide/liquide du materiau 
brut fondu est augmentee ou diminuee periodiquement dans une plage predeterminee, son centre £tant situe au 
niveau du point de fusion du materiau semi-conducteur brut pour faire varier periodiquement la quantite de chaleur 
liberee. 

4. Procede selon la revendication 1 , dans lequel un refrigerant est utilise pour oter la chaleur du fond du creuset (9), 
et le refrigerant est commute periodiquement vers un autre refrigerant pour faire varier periodiquement la quantite 
de chaleur liberee. 

5. Procede selon la revendication 1 , dans lequel un refrigerant est utilise pour oter la chaleur du fond du creuset (9), 
et le debit du refrigerant est ajuste pour faire varier periodiquement la quantite de chaleur liberee. 

6. Procede selon la revendication 1 , dans lequel descristaux germes du materiau semi-conducteur brut sont disposes 
sur la surface de fond du creuset (9) avant Tetape consistant k charger le materiau semi-conducteur brut dans le 
creuset (9), et le semi-conducteur polycristallin peut croitre k partir des cristaux germes. 

7. Procede selon Tune quelconque des revendications 1 a 6, dans lequel le materiau semi-conducteur brut est le 
polysilicium et le semi-conducteur polycristallin est le silicium polycristallin. 

8. Procede selon la revendication 3, dans lequel une ligne d'etalonnage de la temperature solide/liquide et de la 
temperature de la surface inferieure du fond du creuset (9) est creee et la temperature solide/liquide est regulee 
sur la base de la ligne d'etelonnage et de la temperature de la surface inferieure du fond du creuset (9). 
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FIG. 2 
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